i 

TEOHKICAL MEMORANDUMS 
NATIONAL ADVISORY COMlfilTTEE FOR AERONAUTICS 



No. 506 



IMPACT WAI^S AND DETONATION 
By R, Becker 

PART II 

From y-p-i-kaqi^yi-F-h W't ,piufsik.,_ Volume VII I 



Washington 
March, 1929 



/' 



NOTICE 



THIS DOCUMENT HAS BEEN REPRODUCED 
FROM THE BEST COPY FURNISHED US BY 
THE SPONSORING AGENCY. ALTHOUGH IT 
IS RECOGNIZED THAT CERTAIN PORTIONS 
ARE ILLEGIBLE, IT IS BEING RELEASED 
IN THE INTEREST OF MAKING AVAILABLE 
AS MUCH INFORMATION AS POSSIBLE. 



I 



N.A.C.A. Technical Meniorendurn Ko. 506 i 

CONTENTS 

C. Appliodtions to detonation 1 

8. The general fundamental equations 

for detono-tion 1 

9. Normal detonation 6 

10. The processes v/ithin the detonation 

Y/ave 20 

Sunim^jry of results 23 



JOSEPH S. AMES COLLECTION. 



f 



NATIONAL ADVISORY COMITTEE FOR AERONAUTICS. 

TECmilCAL MEMORANDUM NO. 506. 

IMPACT WAVES AND DETONATION.* 
By R. Becker, 

PART II. 

C. Applications to Detonation 

8, The general fundamental equations for detonation .^- 
It has already been stated a number of times that an insight 
into the microscopic processes of impulse waves is not to be 
expected from an analysis based on continuum concepts. Never- 
theless the macroscopic characteristics of the wave may easily 
be deduced from (14) or (15) and (16) on the assumption that 
the passage of the gases through the v/ave front shall in no 
way violate the laws of the conservation of energy, and of mass 
nor the impulse law. 

To this end it is only necessary to conceive of the wave 
front situated between any two cross sections, I and II of the 
tube and apply the laws that have been deduced to this layer 
of gases (Fig. 7). 

We will now consider the case that within the wave front 
lying between I and II, a chemical transformation takes place. 

In referring technically to such a process we will designate 

*From Zeitschrift^fiir Physik, Volume 8, 1922. For Part I, see 
N.A^C.A. Technical Memorandum No. 505. 
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as medium 1 the initial active gases, and as medium 3 the re- 
action products resulting from the transformation of the active 
gases in their passage through the impact wave. It is easy to 
see that the deductions drawn from (15) and (16) are not af- 
fected hy the fact that the impact wave is here bound up with 
a chemical transformation. This is made even more clear ^vhen 
we seek to determine, as in (27b) for the simple impulse wave, 
the energy difference - E^ • Evidently, the heat of reac- 
tion must here be taken: into account. It must here also 
be noted that the equation of state for medium 1 is not the 
same as that for medium 2. Since, however, the equation of 
state for the initial active components - the values of p^ , 
v^ , T^ - are usually known, the corresponding values for the 
reaction products p^ , v^ , T^ will be of chief concern in any 
practical application to be made. But as long. as the density 
of the reaction products, on account of their high temperature, 
is small, and therefore followed closely Boyle ^s law, equa- 
tions (I5c) and (16) will be applicable and v/e may write 

D 



W 

E, - E, 

Pa ^2 
Eg - El 





(40 a) 




(40b) 


i (Pl + Pg) - Vg) 


(40c) 


R 


(40d) 


c7 (Ts - Ti) - Q 


(40e) 



N.A.CA, Teclmioal Memorandum Uo* 506 3 

At very high densities of the reaction products (resulting from 
solid explosives) (40a, b, and c) will still hold, while (40d 
and e) are subject to change. 

In deducing equations (40) only two different states of 
the substances were considered the gaseous and the liquid. 
The application, of these equations to solid explosives may 
raise some question since in this case the energy E is no 
longer a function of v and p. Instead it depends in some com- 
plicated Way on the pressure tensor* From the standpoint of 
their practical application, however, such questions should not 
be given too much weight; for in the casfe of solid explosives 
it is entirely immaterial whether we place for p^ the actual 
atmospheric pressure or the value 0, The real elastic charac- 
teristics of the solid explosives do not enter into the prob- 
lem. For the reaction products, on the other hand, Eg , v^ , 
Pg the assumption is made that they may be treated as either 
gases or liquids both for the further theoretical development 
and also in practice. 

Equations (40) hold in general for the case that a chemic- 
al transformation at constant velocity traverses the active 
components under the conditions already laid down for the en- 
tire consideration here undertaken, viz., that the process is 
a unidimensional one so that all magnitudes may be represented 
on a convenient right-angled coordin^^te system related to x 
but not to y nor b. Concerning the justification of these 
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stipulations, the following observe.tions are offered: 

Measurements of tha velocity of the detoncLtion wave? have 
shown that if tubes of very small diameter were used to con- 
tain the explosive, lovrer values were obtained than where larger 
tubes xvere used; but above a certain tube dicjaeter the rate of 
propagation of the detonation wave was found to be independent 
of the container. For consistent results \vith explosive gases, 
tubes of diameter greater than 10 mm should be used (Dixon, l»c* 
1893) and for solid explosives, 30 to 50 mm (Z. B. Kast., I.e. 
also 2. f. d. ges. Schiess*- u. Sprengslof fv/esen, 8, 156 (1913) )• 

in order to make plain the meaning of equations (40) we 
shall make use of a p, v coordinate figure (Fig« 8). The 
point A corresponds to the p^ v^ values of the explosive 
substance. In general, p^ has the value 1 atm» A curve is 
then drawn, from the Hugoniot equation (40c) on which the point 
P2 "^2 must lie* We next determine for v^ = v^ the case of 
adiabatic transformation, at constant volume • In the case of 
all explosives this transformation is accompanied by an increase 
of pressure, leading to a point G of the H-ourve above the 
point A» The case Pg = p^ corresponds to combustion at con-- 
stant pressure. This takes place with an increase of volume 
corresponding to an amount of work done - (E^ - ) = 
- P Vg). The volume corresponding to this work is indi- 

cated by the point F. 

The H-curve passing through the two points G and F gives 
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the values for the velocity of propagation D, of the reaction 
together with the flow velocity TIT, of the reaction products 
(equations (40a) and (401)) ). It is to be noted here that the 
sign: of Vif, by compression (v^ < ) is positive, indicating 
a flow in the same direction as D. By rarefaction, on the 
other hand, (vg > v^^ ) , it is negative. Let a be the angle 
B A p^ then, 

D - v^ ytan t, IT = ( v^^ - v^ ) ^ ten a. 

But ^/Tan a for that portion of the H-^curve between G and F 
is imaginary and corresponds to no actual natural process. The 
H-curve, therefore, consists of two independent portions corre- 
sponding to two entirely different modes of a chemical tr^insfor- 
mation which will be distinguished by the names detonation and 
normal burning. 

From the course taken by the H-curve we can make the fol- 
lowing qualitative statements concerning these modes of transfor- 
mation: 

Detonation .^ (The portion of the H-curve, B D G).- In the reac- 
tion zone, intense increase of pressure and concentration. Di- 
rection of flow of combustion products, positive. A high propa- 
gation: velocity, D. 

Burnin g.- (The portion of the H-curve, F K)» In the reaction 
zone, decrease of pressure and dilatation. Direction of flow of 
combustion products ¥, negative. Relatively slov/ rate of prop- 
agation D. 
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Both these phenomena have long been knovjn in technical 
practice. Their qualitative distinctive chsjacteristics were 
first pointed out by the discoverers of detonation, Berthelot 
and Vieille, also by Mallard and le Chatelier. 

9. Normal detonation s^ By the above consideration there 
has been gained a qualitative idea of the processes under con- 
sideration. The figure might convey the impression, however, 
that along the part of the curve B G there could be varying 
velocities of detonation: D. But experience has shown that un- 
der careful adjustment and measurement, the detonation velocity 
of a definite substance has a constant vaJ-ue characteristic of 
that substance. This value remains constant over the entire 
length of the tube, whether the tube be only a few centimeters 
in length or a hundred meters. In what follows we shall show 
that the theory here set forth also predicts this fact cmd that 
the detonation becomes stable only for a definite point of the • 
H-curvOii This point is the point J where the tangent from A 
coincides with the H-curve. To substantiate this we shall show 
the following statement to be true: The entropy is a minimum . 
for the point J on the curve and a maximuin. for the po ■ nt K . 
These two points bein^ the points of contact between the H-curve 
and the tangents drawn to the curve from the point A * 

The expression for the "steepness" of any point Vg , pjg , 
on either the adiabatic or H-curve is given by the equations 
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where the indices, ad, H, indicate differentiation along an 
adiabatic and H-curve, respectively. From the general thermo- 
dynamio equation for entropy S, (S and E are functions of Vg 
and P2 ) 

T d S = d E + Ps d Vg = ("21- + p ^ d Vg + p 
it follows that 



9v 
qp = — : 



+ P. 



BE 



9Pg 

and for the H--curve, from (40c) 

BE 



+ P3 - i (P3 - Pi ) 



In this expression p^^ and may be taken as given constant, 
characteristic of the explosive. From these equations, it fol- 
lows 



and 

= If ^ p= * (^) 

\dv/y avg s VdVg/jj 3 Pa 

In case the adiabatic and H-curve touch (qp = then, 
of course (•^D^ = 0, Equation (42) shows that at such a point, 
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cp = £1. ^ But ^ ^ is the direction of the tangent 

drawn from A to the H-curve. This shows that at J and K, 
S has extreme values. In order to determine whether these ex- 
treme values are maximum and minimum or not, the second differ- 
ential is taken at these points and the assumption made that the 

magnitude |^ i (v. - v^ ) will always he positive. This as- 
Bp^ d 

sumption would mean that )|r is finite. From (42) and (43) it 

follows that the sign of at the points of contact is the 

\dv^ /jj 

same as that of 
But at these points 



^^^2/ad ^^^^ ^ad 

In general, the steepness cp of the adiahatic decreases 
with increasing volume; as a consequence (^D^^ ^ negative. 
If we represent by ^i^ the volume Vg corresponding to the 
volume at the point of contact, we have the simple result that 
the sign", of (^^^., ^2 equal to the sign of (v^ - ) . 
The entropy, therefore, has its minimum at J and its laaximum 
at K as stated above. 

That the adiabatic and H-curve have the same direction' at 
a point of contact J may easily be seen from the following 
consideration: A line dravm from A to a point B (p^ Vg ) of 
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the H-curve will, in general, cut this curve in a second inter- 
section point D "^'a)'* According to equation (40q) 
Ea - is equal to the surface A v^^ B 
and E«g--E^=AVj^D*D, 
hence - E^s = D D« B = i (p^ + p^^) 

(v's - V- ) (44a) 
The integral of the line D B gives its direction 

B B B ' 

t/ TdS=t/dE+t/pdv 
D D D 

= Eg - E'^ - surface D D' Vg B, 

hence ^ 

M T d S = 0 (44) 
D 

When the points D and B lie together dS = 0, which is 
the case for the point of contact of a tangent drawn from A 
to the H-curve, 

From equation (44) an important deduction may be drawn rel- 
ative to the line D B. If the change in the integrals 
B 

tjT^ T d S taken along the line D B from D on, be consid- 
ered, it will be fulfilled when T d S in proceeding from D 
toward B, changes its sign. But that means: In a point ly- 
ing between D and B the adiabatic passing through this 
point touches the line D B. If we consider the net of adiabat- 
ics, S = const., drawn on the figure, then the adiabatics at 
B (above j) will be steeper and at D (below J) be flatter 
than the slant of the line D B. The inclination of the adia- 
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batics is expressed (41) by 9 = - (tt^) • That of the line 

^ 2 /ad 

D B by tan a = ~ Our result may therefore be expressed 



^1 "2 



as 



Above J (on J, B), cp > tan al 

} (45) 
Below J (on J, B), cp < tan aj 

With the help of this relationship, we obtain at once a 
valuable criterion for the s tability of the detonation wave » 
The density of the reaction products ~, is greater at the 
wave front than the density of the initial exrilosive com- 

ponents at this point. A little later, i.e., behind the wave 
front, the combustion products will expand since the pressiire, 
due to heat losses must sink below p^ . There is thus formed 
immediately behind the wave front a rarefied region whose ten- 
dency must be opposed to the progress of the compression wave. 
Whenever the wave front is affected by the conditions just stated 
it will not maintain its pressure pg and as a consequence, its 
rate of 'propagation will be reduced. The detonation wave will 
only maintain its velocity characteristic of the explosive sub-- 
stance as long as the velocity of this rarefied region in the 
reaction products and the normal velocity of the detonation: 
wave are the same. 

The velocity of the detonation wave is given by the ex- 
pression D = Vi y tan a . The velocity of the rarefied area be- 
hind the wave front may be conceived of as an additive quantity 
made up of the velocity of sound in the reaction product 
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Vo /- (^^s and the mass velocity of the reaction products 
f = (v^ Vs ) y t an a . The detonation wave is therefore insta- 
ble as long as 

Vg Jlp + (v^ ^ Vg) y tan a - v,^ J tan a > 0, 

that is, as long as 

cp > tan tx . 

We saw from equation (45) that for those points B of the 
H-curve above J, cp is greater than tana; and concluded 
therBfrom that no detonation represented by such points could be 
stable. They will be continually weakened by the effect of the 
expansion of the reaction: products (from cooling) behind the 
Wave front. Any such designated point on the H--curve will slip 
back until it reaches J, and at this point the detonation 
w^ve will become stable; for at J, 9 = J tan a. At this point, 
too, the mass velocity of the reaction products have the same 
velocity as the detonation wave. The detonation wave will from 
this point on propagate itself within the gases at a constant 
velocity corresp.^nding to the point J. What are the conditions 
represented by the lower part of the H-curve? It seems that 
h e re for any given detonation velocity v^ J tan a, the veloc- 
ity of movements of the reaction products will adjust itself to 
the condition at D or B. A reference to equations (l5c) and 
(44a) shows that D and B stand in the same relation to each 
other as the gas conditions in front of and behind the Impulse 
wave, viz., that the entropy is always greater for B than it 
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is for D* When it is recalled that the reaction products at 
the moment of their formation represent the condition of maximum 
probability in the sense of statistical mechaxiics for the given 
order of the reaction., it would be reasonable to conclude that 
they would favor the condition indicated by B, and that for 
this reason the lower part of the detonation region of the H- 
curve represents no real condition^ By this line of reasoning, 
we come to the following conclusions. 

On the basis of thermodynamic probability, only detonation 
Waves of the B-type above J in the coordinate figure, are pos- 
sible. Mechanically, these waves are instable and pass over at 
once to the normal detonation condition indicated at J. 

The point J according to the above considerations is de- 
termined by the relation 



This equation gives with the general equation (40) a spe- 
cific solution and definite value for normal detonation velocity.* 

According to the above consideration it would indeed be 
possible (as by intense initial ignition) to induce detonation 
waves of greater velocity than normal. They would, however, 

soon sink to the normal rate and there remain constant. This is 

_ » 

♦Equation (46) was first given for the case of gases by Chapman, 
Phil. Mag. 47, 90 (1899) but on the erroneous assumption that 
the entropy along the H-curve must have its maximum, at the point 
J .of normal detonation while in reality it has there a minimum. 
Later the equation was again: developed by Jouguet, Journ. d. 
Math. 1 and 2, (1905) (1906). . 




(46) 
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exactly the behavior which Klast (i.e.) observed and measured 
with a number of explosives. This paragraph dealing with en- 
tropy offers the opportunity to call attention to the annexed 
coordinate figure (Fig. 9) in which the abscissas again repre- 
sent specific volumes and the ordinates represent entropy. 
Vg and v'g are the volumes corresponding to normal detonation 
and to maximum burning velocity, v^^ is the volume of the given 
explosive material. The line v^ - 0 corresponds to the in- 
crease of entropy due to the chemical reaction when the same 
suffers no volume change nor heat loss to the surroundings. 
Vg J and v*2 K represent the entropy change due to deto- 
nation and to burning. When v^^ G is relatively small, it 
is possible for v^ J to become negative, which Y/ould mean 
that although thermodynamic ally detonation is not possible, 
burning can still take place. 

In case no chemical transformation accompanies the impact 
wave, the wave "degenerates" ("entartet") to an ordinary sound 
Wave, in which case the points J, Gr, K, v^ , v^^ fall together 
with v^^ . The curve given thus represents the course of entropy 
change. It has at v^ a turning point in which it coincides 
with the v~axis. The figure shows plainly the fact that com- 
pressional waves are identified vdth increase of entropy. Rare- 
faction v;aves, on the other hand, axe linked vath entropy de- 
crease and are hence not realizable. 

It is also to be observed that all of these conclusions 
drav/n from the above considerations (and fulfilled by normal sub- 
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stances) that the magnitudes 

are, in the region considered, negative; that is, accompanied by 

decrease of steepness and increase of volume. Since by unlimited 

adiabatic increase of density the pressure of every substance. 

must increase beyond limit - which is only loossible if 

• ^dv /ad 

becomes negative - it can be said that the validity of the 

conclusions drawn demand that the adiabatics in the p, v-graph 

show no turning point. If v^re are to take into account also such 

possible abnormal substances in which a turning point does occur 

then the above conclusion must be expressed: In any given medi - 

xm compression impulses or rarefaction impulses alone are thermo- 

dynamically possible according as the magn itude f^^"^ is pes- 

Vdv /g^d 

i tive or neg ativ e • 

Exactly the same conditions were met with in Section 2 
(N^A.C.A. Technical Memorandum No» 505 - Part I of this article) 
in analyzing the mechanical possibility of the formation of com- 
pressional impulses. The quite independent criteria for the me- 
chanical formation: of compressional impulses and their tnermody- 
namic possibility therefore rest on the same ground. * 

The numerical determination of the normal detonation veloc- 
ity of an explosive is, in principle, completely given by (40)' 
and (46) as soon as its chemical transformation: and heat of reac- 
tion are known. The course of the calculation: differs according 
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as we are to consider a gaseous or a solid explosive. In the 
case of gases the equation of state for an ideal gas may "be ap- 
plied to the reaction products. In the case of solid explosives 
this may not be justifiable. 

!• Detonating Gases > If v/e represent by c^ the average 

specific heat of the reaction: products at constant volume between 
T3^^ and T^^ abs., 7^ the ratio ^ of the specific heats of 



the reaction products at T^^ abs., Q the heat of combustion 



S Cy 

of the chemical transformation due to" detonation: in ergs/gram,, 
then in order to calculate the rate of detonation, we have the 
four equations 

Ps ^2 = (47a) 
0;^ (T^ - TJ = Q + i (p, + pj (v, ^ vj (47b) 

^ £3 ^ Zs_lA (47c) 

^2 V^ V^ - Vg' ^ • ' 

^ h El (47d) 

In these equations the magnitudes p^^ , v^ , , of the orig- 
inal components, the heat of reaction, Q and the gas constant 
r^ of the reaction products, are taken as known quantities. 
Besides these the quantities "c^ and are known functions 

of Tg. This leaves the four magnitudes v^ , p^ , and D, 
to be determined. By making use of the aquation of state of the 
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initial gaseous components, 

Pi ^1 = T, 



and the abbreviations 



IJi = 



representing the compression in the detonation wave we obtain: 
the following convenient expressions for carrying out the cal- 
cul at i on 

^ (T^ « Tj - Q + ^ (^ji - 1) (x^ T3 + (48a) 

^ (7^ -f- 1) + (48b) 
1)3 ^ ^3 rg Tg . (48c) 

If "57 and ^2 be given as linear functions of Tg , then 

Y +1 

from (48b) an approximate value for |jI = and then from 

(48a) a better approximate value for Tg • If a correct solution 
of equations (48a) and (48b) in the sense stated above has been 
carried out and the values of \i and T found, then (48c) 
gives at once the value of the detonation velocity D. 



(Translator's note,- The calculation of the desired magnitudes 
mentioned above may be carried out v/ith precision. The sajne 
magnitudes are also required for the calculation of specific 
heats of gases at hiiTh temperature where explosion methods are 
used. References to these methods and to theory may be found in 
Nernst, Theoret. Chem. IQth edition, Macmillan, p. 783 (1923). 
A more extended discussion with experimental results is given by 
Shilling, Trans. Faraday Soc. 22, 377 (1926).) 
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II. Solid and Liquid Explosives . If a certain degree of 
uncertainty enters into the calculations of the detonation veloc-- 
ity in the case of gases, that uncertaini;y TDecomes markedly 
greater when we turn our consideration to solid or liquid explo- 
sives* Since every detonation is connected with an increase of 
density of the reaction products, we shall have to do in this 
case with highly heated reaction products of a density approach- 
ing that of solids. For such cases, not only is the question! 
of specific heats one of the greatest uncertainty, the condition: 
of chemical equililDrium becomes very uncertain also. Further, 
we have no knowledge of an equation of state to fit such condi- 
tions# Detonation pressures must rise at least above 10,000 
atmospheres. They are surely far greater than we are at present 
able to produce by mechanical means for experimental purposes of 
observation and measurement. Every attempt to calculate the 
detonation velocity of solid explosives requires assumptions 
concerning regions and conditions of which we are wholly igno- 
rant. We may tentatively proceed only in this way: We may ac- 
cept observations made under the highest possible pressures 
available and by extrapolation^ calculate the characteristics 
for detonation: pressures and with these values follow through 
the theory developed for the determination of detonation: veloci- 
ties, A comparison, then:, with Telccities that have been ob- 
served, may give som.e indication of the correctness of such an 
extrapolation?. Such a method will at least have this to reoom-- 
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mend it: It offers a possibility of gaining some insight into 
equations of state, specific heats and chemical equilibriums 
for pressures so great that we could not hope to investigate 
them in any other way. 

As a first step in this direction, I made use of Amagat^s 
isothermal measurements which reach to a pressure of 3000 atmos- 
pheres. From these investigations I have deduced a simple for- 
mula suitable for extrapolation for the gas nitrogen. This pro-- 
cedure (z. f. Physik 4, 393 (1921) ) resulted in the equation 



By the use of this equation the detonation velocity of ni- 
troglycerine and mercury fulminate were determined with an accu- 
racy indicating the order at least of the magnitude observed. 
In judging of this rough agreement, the fact must not be over- 
looked that its uncertainty does not lie altogether in the pro- 
posed equation of state. For instance, it was assumed in this 
calculatiom that the chemical composition of the reaction prodrnc 
ucts at the instant of detonation was the same as those observed 
after the reaction. At detonation pressures that may reach the 
order of 100,000 atmospheres, the reaction products may be quite 
different from those existing under normal conditions. The or- 
dinary detonation of hydrogen and oxygen gas provides a good 
example for the investigation of these relations (Pier, I.e.), 
To this uncertainty respecting the chemical equilibrium:^ is to 
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be added the uncertainty concerning specific heat values for the 
unusual conditions mot with in detonation. Indeed, in any con- 
sideration involving the condition of matter within the detona- 
tions wave it should be clearly borne in mind that any real 
knowledge of this region: has scarcely passed the stage of a 
first rough guess* 

10# The processes vrithin the detonation wave >- The inves- 
tigation of the processes occurring v/ithin: a \7a.ve of compression 
(Sections 6 and 7 - K.A.C,A« Technical Memorandum No. 505, Part 
I) are of particular interest in reference to detonation. Since 
the discovery of the detonation wave by Berihelot in 1883, the 
question: has been often and insistently discussed as to how the 
particles of the explosive components at the wave front a,re in 
reality brought to their extremely rapid transf ormatioit. This 
question, lies at the very basis of any investigation of the ex- 
plosive process. Detonation, at least of solid explosives, is, 
in fact, wholly incomprehensible as long as it is assx;imed that 
the only incitatiom to reaction that a single paJ'ticle of the 
explosive receives derives from the adiabatic compression; of 
the detonation" wave. By such a compression a solid body at the 
temperature of liquid air, where detonation:, proceeds very uni- 
formly, would be so little heated that its dissociation:- could 
not thereby be explained. The same difficulty presents itself 
also in) the case of gases. Le Chatelier (C. R. 150 , 1755 (1910))/ 
was of opinion that aa explanation could be found by assuming 
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that the particles in the wave front Tirere brought by compres- 
sion: alone to their ignition- temperature and that then the rapid 
chemical transformation followed. When this assumption is car- 
ried out quantitatively (vanU Hoff, Vorles. u Theoret. u. 
physik, chem. 2^ Aufl- p*245 (1901) Nernst, Theor- Chem. 8 bis 
10 Aufl. 769 (1921) ) for the case 'of carbon monoxide and oxy- 
gen, a detonation pressure of 250 atmospheres v/ould be required; 
while carried out rigidly by thermodynamic theory vrtiose correct- 
ness is substantiated by the values indicated a.bove for detona- 
tion velocity. A pressure of only 17.2 atmospheres would be 
produced. Similar relationships hold for all other gaseous mix- 
tures* The theory developed by le Chatelier is, therefore, in- 
adequate to explain the real processes occurring vfithin the det- 
onation Wave, 

On the other hand, the conception seems reasonable that the 
explosive transformation, of the substance depends upon a prelim- 
inary heating of its particles. In the first paragraph of this 
paper (Technical Memorandum No. 505, Part I), the insight af- 
forded us concerning the processes taking place within a simple 
impulse wave allow us to state that this heating process depends 
upon heat transfer and the corresponding increase in the niimber 
of molecular impacts. We were able to show in that place that 
in the case of the simple sound v;ave that heat conduction could 
not be ignored but that on the contrary it played a determining 
role in the mechanism of the process. From the close relation 
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between impulse and detonation v:aves there can be little doubt 
that these characteristics apply also to the detonation wave. 
It seems necessary, therefore, to conclude that in the case of 
detonation, the heating of the particles that have reached the 
wave front, to their ignition temperature, takes place princi- 
pally through heat conduction:, from the particles last burned 
(that is, by the impacts of individual molecules from the very 
thin Wave of high temperature). 

It is interesting to observe that the most successful ex- 
perimenters in the field of gas detonation), Berthelot and Dixon, 
also made use of such an o.ssumption. They conceived that from-, 
the hot Wave front molecules v/ere thrown forward that shared 
their high kinetic energy by impact with the molecules in front 
of the Wave and thereby brought them to a condition of .activa- 
tion. This conception seems more reasonable than the one offered 
by le Chatelier. (The photographic records upon which le Ohate- 
lier based hia "dark compressional waives" to prove his theory, 
were later sho\7n by Dixon (i.e. 1905) to be contrast effects of 
the plate and not admissible as evidence.) Berthelot and Dixon, 
however, v/ere both in error in so far as they sought to justify 
their theory from the observed values of detonation velocity. 
They did not know that these values (expressed in the thermody- 
namic equations (40), (46) ) were independent of the microscopic 
processes, whatever they might be, taking place within the wave 
front, and that the ssone values were arrived at by the applica- 



N»A*C,A* Teohuioal Memorandum ICo* 506 23 

tiom of classical dynajoiics* 

In conclusion I wish to state emphatically that the discus- 
sion irr this last paragraph is confined solely to the question 
of the wave » s propagation after once being started. The problem 
of the origin of the detonatiom v/ave or the inception, of an ex- 
plosion: is not here considered* 

Suinmary of Results 

When proper consideration: is paid to friction*: and hea.t con- 
duction: that must bo present with all bodies, it is shomi in the 
analysis made of compression impulses that the theory of insta- 
ble surfaces may be dispensed vrith. 

The actual thickness of the wave front ha.s been numerically 
determined for a gas and for a liquid. 

By the introduction of a chemiccl transformation! within the 
impact wave a complete general conception of detonation and nor- 
mal burning is secured. 

While the complete analysis and calculation: of the rate of 
normal burning has not yet been effected, the present consider- 
ation, by making use of the principle of sto.bility, has been 
able to set a definite value for normal detonation velocity. 
This value is in excellent agreement with observed results in 
the case of gases and gives fair approximations for the case of 
solids. . 
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By application of the deductions here presented, the possi- 
bility, is offered of following the physical characteristics and 
chemical transformations experimentally to an order of 100,000 
atmospheres pressure • 

An important difficulty in understanding detonation phenom- 
ena is overcome by a consideration of heat conductivity^ 
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